ABSTRACT In this study, an innovative competitive immunochromatographic strip sensor was developed for rapid detection of Salmonella based on a genus-specific antilipopolysaccharide (LPS) monoclonal antibody (mAb) and the heterogeneous coating antigen of a LPS-bovine serum albumin conjugate. Gold nanoparticles labeled anti-LPS mAb specifically reacted with the conserved outer core of the Salmonella LPS in the sample and the color formed on the T line was negatively correlated with the number of Salmonella cells. The sensitivity of Ra mutant LPS (without O-specific chains but has the conserved outer core) was 25 ng mL -1 , which explained the detection of Salmonella at the genus level. Based on the gray values on the test line, the limit of detection of Salmonella was 10 3 colony-forming unit (CFU) for all twelve typical strains of Salmonella. The analysis of common Gram-negative and Gram-positive bacteria demonstrated that the strip assay was specific to Salmonella. A milk sample test showed that Salmonella at a low level (1-5 CFU mL -1 ) was detected without complex biochemical confirmation steps, sophisticated instruments and professional training.
INTRODUCTION
Food poisoning and foodborne diseases, which tend to occur in a wide area and lead to gastrointestinal disease, are a major concern worldwide [1,2]. Among the foodborne pathogens related to poisoning, Salmonella is reported to be the leading cause of poisoning in many countries including China [3, 4] . Salmonella is a genus of Gram-negative bacteria that has more than 2000 pathogenic serotypes including the well-known serotypes S. typhimurium and S. enteritidis [5, 6] . The main antigens of Salmonella are lipopolysaccharide (O antigen), flagellin (H antigen), and capsular polysaccharide (Vi antigen). The difference in O antigen and H antigen between strains is the basis for Salmonella serotyping [7] . The standard detection method for Salmonella is culture-based and requires multiple steps of enrichment and biochemical confirmation. The results are usually obtained after 4-7 d. Therefore, rapid detection methods are highly desirable to overcome the disadvantages of time-consuming and labor-intensive traditional methods.
Currently, polymerase chain reaction (PCR)-based methods, immunoassays, isothermal amplification methods, and aptamer-based methods have been developed for the rapid detection of Salmonella . PCR-based methods including real-time PCR, which are robust but rely on sophisticated instruments and professional training, are more suitable as confirmation methods in the laboratory than as pre-screening tools for large samples [8, 9] . Compared with PCR, nucleic acid hybridization including loop-mediated isothermal amplification is portable, rapid and easy to operate [10] . However, the dependence on a relatively high temperature (63°C) and DNA extraction step still limit the practical application of these methods [11, 12] . Due to the specificity of the selected aptamer, aptamer-based sensors are mainly used for rapid detection of common serotypes such as S. typhimurium and S. enteritidis, rather than detection of the genus [5, 13, 14] . Immunoassays based on the specific antigen and antibody reaction have been widely used in Salmonella detection either with the classic enzyme-linked immunosorbent assay (ELISA) [15] [16] [17] [18] or novel nanomaterials-based biosensors [19] [20] [21] [22] . However, due to the drawbacks of multiple steps and high-cost of these methods there is a huge demand for a low cost, portable, rapid and stable method.
The lateral flow-based immunochromatographic strip sensor, which takes advantage of the stable immunoreaction of the monoclonal antibody (mAb) and the rapid chromatographic procedure, is a very powerful point of care test for pathogens, and environmental pollutants in food samples [23] [24] [25] [26] . Some immunochromatographic strip assays based on serotype specific or serogroup specific mAbs have been used to detect common Salmonella strains including S. typhimurium [6, 27, 28] , S. enteritidis [29] , S. choleraesuis [30] and S. typhi [31] . Bautista et al. [32] reported the detection of 19 out of 22 tested Salmonella strains using a commercial immunochromatographic strip. The detection of Salmonella at the genus level with the traditional sandwich-based strip assay is mainly limited by the preparation of a genus-specific antibody and the effective pair that works on the strip test.
Therefore, we developed a novel competitive immunochromatographic strip sensor based on a genus-specific anti-lipopolysaccharide (LPS) mAb and the heterogeneous coating antigen of the LPS-bovine serum albumin (BSA) conjugate, to overcome the difficulties associated with rapid detection of Salmonella at the genus level. The mAb against the conserved outer core of the Salmonella LPS was prepared with the LPS-BSA conjugate as the immunogen for BALB/c mice. Furthermore, our novel strategy eliminated the need for paired mAbs based on the competition of Salmonella and the coating antigen with the gold nanoparticle (Au NP) labelled anti-LPS mAb. This strip sensor was evaluated using twelve typical Salmonella strains with different O antigens and eight common strains of Gram-negative and Gram-positive bacteria. In addition, milk samples contaminated with a low level of four common Salmonella serotypes were analyzed after 12 h enrichment.
EXPERIMENTS

Salmonella strains and growth conditions
The strains of Salmonella spp. used in this study are listed in Table S1 (ATCC 43478) . Campylobacter jejuni and Campylobacter coli were cultured in Brain-Heart Infusion broth (Oxoid, Basingstoke, UK) at 37°C for 2-3 d in a micro-aerobic environment (4% O2, 10% CO2 and 86% N2) in a three gas incubator (Binder CB210, Tuttlinger, Germany). Vibrio parahemolyticus was cultured in tryptone soya broth (Oxoid, Milan, Italy) with 1% NaCl at 37°C. The other bacteria were cultured overnight at 37°C in Brain-Heart Infusion broth.
Production of genus-specific LPS monoclonal antibody S. typhimurium LPS (Sigma, St Louis, MO, USA) was conjugated to BSA using the active ester method [33] to prepare the immunogen. Briefly, 1 mL of LPS (5 mg mL -1 , water) was first added with borate saline buffer (0.2 mol L −1 , 50 μL) to maintain the pH at 5 and was activated with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (1 mg, N,N-dimethylformamide) and N-hydroxysuccinimide (1 mg, water) at room temperature for 2 h. Then, 100 μL of BSA (50 mg mL -1 , water) was added and the pH of the solution was adjusted to 9.0 with bicarbonate buffer (0.05 mol L −1 , 50 μL). After overnight reaction, the solution was dialyzed.
BALB/c mice aged 6-8 weeks were immunized with the immunogen to produce the anti-LPS antibody. Spleen cells from the mice were then fused with Sp2/0 myeloma cells. After selection against Ra LPS which lost the O-specific chain but reserved the outer core structure from mutant S. typhimurium (Sigma, St Louis, MO, USA) and confirmation using Salmonella strains with different O antigens, cell lines with homogenous cross-reactivity within the Salmonella genus were obtained. The produced mAbs were purified using the caprylic acid-ammonium sulfate precipitation method. The half maximal inhibitory concentration (IC50) of the mAbs were characterized by indirect competitive enzyme-linked immunosorbent assay (IC-ELISA) [34] .
Au NPs labeled monoclonal antibody and coating antigens
Au NPs (15 nm) were synthesized by the classic citrate sodium reduction method [35] . The Au NPs and LPS mAb conjugates were prepared as follows: 1 mL of Au NPs was added to 7 μL of 0.1 mol L −1 Na2CO3 and the pH was adjusted to 7.5. Then, 10 μL of the anti-LPS mAb (1 mg mL -1 ) was added to the Au NPs solution and reacted for 2 h at room temperature with gentle mixing. BSA (50 μL of a 100 mg mL -1 solution) was then added to the solution and reacted for another 2 h in room temperature to block the non-binding sites. Finally, the Au NPs-modified LPS mAb was centrifuged twice (6000×g, 20 min) and preserved in 10 mmol L −1 PBS containing 0.02% NaN3 at 4°C until use.
The coating antigens of LPS and BSA conjugate were synthesized by the active ester method and the periodate oxidization method [36] . Briefly, 1 mL of LPS (5 mg mL -1 , water) was oxidized with 75 μL sodium periodate (10 mg mL -1 , water) at room temperature for 30 min with magnetic stirring. Then, 100 μL ethanediol (0.16 mol L −1 , water) was added and reacted for another 30 min to neutralize the excess sodium periodate. BSA (100 μL of 50 mg mL -1 , water) was then added and the pH of the solution was adjusted to 9.0 with bicarbonate buffer (0.05 mol L −1 , 50 μL). After 24 h reaction at room temperature, the solution was dialyzed with 10 mmol L −1 PBS at 4°C.
Establishment of the competitive immunochromatographic strip sensor
The prepared coating antigen (1 mg mL -1 ) and goat antimouse IgG antibody (0.5 mg mL -1 ) were sprayed onto the test line (T line) and the control line (C line) on the nitrocellulose (NC) membrane using a BioJet Quanti3000 dispenser. After air-drying at 37°C for 2 h, the NC membrane was cut into strips (4 mm wide) with a CM4000 guillotine cutting module. The fabricated strips were stored with a desiccant at room temperature until use.
The analysis of Salmonella was as follows: a pure cultured Salmonella strain was boiled for 15 min. The sample (100 µL) was added to the solution and mixed with 7 µL of the Au NP-mAb probe and 43 µL of suspension buffer (10 mmol L −1 PBS, 2% BSA, 0.1% Tween, 0.2% sucrose). The antigen-antibody reaction was allowed to continue for 5 min at 37°C. The strip was then loaded and the results were judged with the naked eye after 10 min. Weakend red color on the T line compared with that of the negative control indicated that the sample was positive for Salmonella . The same red color on the T line compared with that of the negative control indicated the sample was negative for Salmonella . Red band on the C line should present for both positive and negative sample. The visual limit of detection (vLOD) is defined as the lowest concentration of Salmonella that produces the color on the test line significantly weaker than that of the negative control [23, 37] . The optical density of the test line was recorded with a strip reader.
Coating antigens, anti-LPS mAbs, and sample dilution buffer were successively optimized to improve the sensitivity of the competitive immunochromatographic strip.
Sensitivity and specificity of the immunochromatographic strip sensor
The sensitivity of the competitive strip was tested with Ra LPS and the twelve Salmonella strains which had different serogroups of O antigen. Ra LPS from Salmonella was serially diluted to 100, 50, 25, 10, 5 ng mL -1 and 0 with PBS (10 mmol L −1 , pH 7.2) before analysis. The twelve pure cultured Salmonella strains were boiled and serially diluted to 10 7 , 10 6 , 10 5 , 10 4 CFU mL -1 , and 0 with PBS for determination. Specificity of the strip was evaluated using Gram-positive bacteria including Staphylococcus aureus and Listeria monocytogenes, and Gram-negative bacteria including E. coli O157:H7, E. coli O6, Cronobacter sakazakii, Vibrio parahemolyticus, Campylobacter jejuni, Campylobacter coli and S. enteritidis. The pure cultured strains as described above were boiled and diluted to 2´10 8 CFU mL -1 for the test.
Milk sample detection using the immunochromatographic strip sensor A pure milk sample was purchased from a local market and confirmed to be free of Salmonella spp. by the culture-based method [38] . To simulate a real sample contaminated with a low level of Salmonella spp., the milk was individually spiked with fresh cultured S. paratyphi A, S. typhimurium, S. enteritidis, and S. arizona at 1-5 CFU mL -1 by serial dilution. The spike level and the original concentration of the culture (10 9 to 5´10 9 CFU mL -1 ) were further confirmed by the plate counting method. Then, 25 mL of the spiked samples were added to 225 mL buffered peptone water (Oxoid, Basingstoke, UK) and cultured at 37°C for 12 h. Samples of the culture were boiled for 15 min before analysis with the immunochromatographic strip.
RESULTS AND DISCUSSION
Principle of the competitive immunochromatographic strip sensor The principle of the immunochromatographic strip for detection of Salmonella spp. is shown in Fig. 1 . The T line and C line were coated with Salmonella LPS-BSA conjugate and Goat anti-mouse IgG antibody, respectively. When no Salmonella was present in the sample, the Au NPs labeled anti-LPS mAbs reacted with the LPS-BSA conjugate on the T line and the remainder was captured by the anti-mouse IgG antibodies on the C line. Red bands due to the Au NPs were observed both on the T line and the C line. When Salmonella was present in the sample, the Au NPs labeled anti-LPS mAbs first reacted with the LPS on the surface of Salmonella cells and then reacted with the T line and the C line. The color of the T line decreased at this time. The color intensity on the T line was negatively correlated with the amount of Salmonella in the sample. Compared to the commonly used sandwich-based strategy [39, 40] , this LPS mAb and coating antigen-based paper sensor for competitive detection of Salmonella is innovative and greatly simplifies the development of the strip assay. This is because sandwich-based strategy usually needs two mAbs which must be both paired in ELISA and still work in lateral flow assay. In our previous work, we developed a sandwich ELISA based on a genus specific LPS mAb and the sensitivity was determined to be 10 6 CFU mL -1 [36] . This indicated that sandwich based strip assay may not be suitable for this mAb because the detection limit of immunochromatographic strip is usually higher than ELISA. Furthermore, Compared with the insufficient cross-reactivity among Salmonella spp. in previous studies of the sandwich-based immuno-strip assay [28, 31] , using of the Salmonella -specific anti-LPS mAb enabled the rapid detection of Salmonella at the genus level with broad cross-reactivity and high specificity.
Optimization of the competitive immunochromatographic strip sensor
The transmission electron microscopy (TEM) image (Fig.  S1) shows that the synthesized Au NPs have uniform diameter (15±2.82 nm) and good dispersity. The ultraviolet-visible (UV-vis) spectra (Fig. S2) indicates the maximal absorbance of the Au NP red-shift from 520 to 526 nm after the reaction with the mAb 5H12, which reflects the increased diameter caused by successful conjugation.
The coating antigen, anti-LPS mAb and sample dilution buffer significantly affected the performance of the strip and thus were optimized. First, the two prepared coating antigens of the LPS-BSA conjugates (Fig. S3) were evaluated using the anti-LPS mAbs. Fig. S4 shows that the color intensity formed on the T line with the homologous coating antigen synthesized by the active ester method is too strong and the color of the C line is very light. In contrast, the colors of the T line and C line with the heterogeneous conjugate synthesized by the periodate oxidization method are comparable. This is because the antibody affinity against the homologous coating is usually higher than the heterogeneous coating [41] . We chose the heterogeneous coating antigen by the periodate oxidization method for further study as moderate affinity was suitable for the competition between the sample and the coating antigen.
The anti-LPS mAbs were then tested with the competitive immunochromatographic strip with Ra LPS as standard. Fig. S5 shows that these anti-LPS mAbs reacted with the Ra LPS which retained the conserved outer core of Salmonella and clearly inhibited the color on the T line. Among these mAbs, 5H12 was selected due to complete inhibition of the color on the T line with 100 ng mL -1 Ra LPS and relatively higher color intensity on the T line for the negative control. ethylenediaminetetracetic acid (EDTA) and 0.1% Triton 100 was used as a sample dilution buffer to break the steric hindrance caused by the buried outer core structure in the inner side of LPS on the cell surface of Salmonella [42] . Fig. S6 indicates that the sample dilution buffer completely inhibited 10 5 CFU S. kentucky and no color was observed on the T line. In contrast, the color was still visible on the T line with PBS as the sample dilution buffer. This was because EDTA chelated the bivalent cations that can stabilize the micelle-like structure of LPS on the cell surface and Triton 100 is a mild surfactant that can improve the membrane permeability of the cell [43] . Fig. 2a shows that the vLOD of Ra LPS using the immunochromatographic strip was 25 ng mL -1 and the IC50 of the 5H12 against Ra LPS in the IC-ELISA was 6.5 ng mL -1 (Fig. 2b) . Ra LPS from S. typhimurium loses the repetitive O specific chain which has high diversity between different serogroups of Salmonella and retains the conserved outer core structure in Salmonella [18] . The sensitive detection of Ra LPS clearly indicated the mechanism involved in the detection of Salmonella .
Sensitivity and cross-reactivity of the immunochromatographic strip sensor
To validate the sensitivity and cross-reactivity in the genus Salmonella , twelve strains belonging to serogroups O: 2, O: 4, O: 7, O: 8, O: 9 O: 3, 10 and IIIa were analyzed using the competitive immunochromatographic strip. Fig.  3a shows that all the tested strains including S. paratyphi A, S. agona, S. paratyphi B, S. typhimurium, S. thompson, S. blockley, S. kentucky, S. enteritidis, S. typhi, S. dublin, S. anatum, and S. arizona inhibited the color on the T line with an increasing number of Salmonella cells. The vLOD of these Salmonella strains was 10 5 CFU, except for S. arizona with a vLOD of 10 6 CFU. With the strip reader, area of the gray values on the T lines were recorded and plotted. Fig. 3b indicate that the gray values decreased at 10 3 CFU for all the tested strains (5%-30%) except S. thompson (10 4 CFU). The significant improvement of the sensitivity is due to the competitive scheme and the decrease of the gray value is more sensitive than the visual change of the color. These tested strains represent the typical serotypes of Salmonella (serogroup A, B, C, D and E) that lead to the majority of Salmonella -related foodborne diseases [44] . S. arizona is characterized by a special biochemical reaction (fermentation of lactose to produce acids and CO2) and unique outer core structure of the O antigen (IIIa) in the genus of Salmonella [45] . Unlike the N-acetyl-D-glucosamine on the outer core of the LPS in other Salmonella strains, the D-glucosamine in S. arizona was not N-acetylated. The detection of S. arizona, although at a relatively higher vLOD, demonstrated the homogenous cross-reactivity in the Salmonella genus.
In the previous works, the majority of the reported ELISA and immunochromatographic strips were specific to only one or two serotypes of Salmonella , with sensitivities ranged from 10 3 to 10 5 CFU mL -1 [15, 31, 46] . Although the tests were very sensitive, the applications for detection of the genus of Salmonella were limited. The genus specific sandwich ELISA methods of Salmonella , reported by Wu et al. [36] and Choi et al. [42] respectively, all have a sensitivity of 10 6 CFU mL -1 . The lateral flow assay of Salmonella developed by Bautista et al. [32] has a sensitivity ranged from 10 4 to 10 5 CFU mL -1 , but failed to detect the S. worthington, S. choleraesuis var. kunzendorf, and S. johannesburg. Therefore, compared with the previous works, our paper sensor is both sensitive and accurate for the detection of Salmonella . The future of our work will focus on further improving the sensitivity of the Salmonella biosensor based on lanthanide (Ln 3+ )-doped nanoparticles [47] , ZnO nanomaterials [48] , and surface-enhanced Raman scattering active nanomaterials [49] .
Specificity and long-term stability of the immunochromatographic strip sensor Six common Gram-negative bacteria that also have the LPS structure and two important Gram-positive pathogens were tested to evaluate the specificity of the strip assay. As shown in Fig. 4 , the Gram-negative E. coli O157:H7, E. coli O6, Cronobacter sakazakii, Vibrio parahemolyticus, Campylobacter jejuni, Campylobacter coli and Gram-positive Staphylococcus aureus and Listeria monocytogenes did not inhibit the color on the T line, even at a very high concentration (2´10 8 CFU mL -1 ). However, S. enteritidis completely inhibited the color on the T line. These data indicate that the developed strip assay showed excellent specificity within Salmonella and did not react with other common bacteria including non-pathogenic E. coli. Muldoon et al. [50] reported an O antigen mAb-based immunochromatographic strip and a bacteriophage-based method to eliminate the cross-reaction between Citrobacter spp. and E. coli. In our study no cross-reaction with these bacteria was observed, which may be attributed to the mAb that specifically recognized the conserved outer core of Salmonella .
In addition, the long-term stability and repeatability of the strip sensor were evaluated. The prepared strips were stored at room temperature with desiccant and the Au NPs labeled LPS mAb was stored in 0.02 mol L −1 PBS containing 0.02% NaN3 at 4°C. Based on our results, the sensitivity and specificity did not changed during six months preservation. This was because the mAb on the NC membrane, which was air-dried and kept in dry environment at 25°C, was stable and free of the bacteria. On the other hand, adsorbed BSA and mAb on the Au NPs prevented the Au NPs from aggregation and the NaN3 inhibited the growth of bacteria.
Milk sample analysis with the immunochromatographic strip sensor
To apply the novel strip assay to the detection of Salmonella in a real sample, pure milk was spiked with S. paratyphi A, S. typhimurium, S. enteritidis, and S. arizona at a low level (1-5 CFU mL -1 ) and analyzed using the strip after enrichment. Fig. 5 shows that S. paratyphi A, S. typhimurium, and S. enteritidis completely inhibited the color on the T line and S. arizona clearly inhibited the color on the T line. Therefore, the four typical strains of Salmonella at a low level in the pure milk sample were detected by visual judgement after 12 h enrichment. Analysis of these four Salmonella strains with different O antigens validated the effectiveness of the developed competitive immunochromatographic strip. Table S2 shows that the results of the analysis are consistent with those of the classic culture-based method. However, the developed strip assay greatly decreased the detec- tion time of Salmonella spp. including S. arizona, without the need for complex biochemical confirmation steps, sophisticated instruments, and professional training [9] .
CONCLUSION
In summary, we report a novel competitive immunochromatographic strip sensor based on a genus-specific anti-LPS mAb for the rapid detection of twelve typical strains of Salmonella . Murine mAbs against the conserved outer core structure of Salmonella LPS were produced with LPS-BSA conjugates as immunogens. Based on the heterogeneous conjugate as the coating antigen for the T line, and the Au NPs labeled outer core specific mAb as the detection probe, the innovative competitive immunochromatographic strip was established. Our results showed that 25 ng mL -1 of the Ra LPS from Salmonella inhibited color on the T line and the sensitivity based on gray values was at 10 3 CFU for all the tested Salmonella strains except S. thompson (10 4 CFU). The broad cross-reaction in the Salmonella genus and excellent specificity with the other tested Gram-negative and Gram-positive bacteria indicated that this novel strip assay was accurate for the detection of Salmonella at the genus level. In addition, real sample analysis demonstrated that a milk sample contaminated with Salmonella at a low level (1-5 CFU mL -1 ) was detected after 12 h enrichment. The analysis of Salmonella using this strip assay not only saved time, but also simplified the detection which did not require complex biochemical confirmation steps, sophisticated instruments and professional training. Therefore, the novel competitive strip sensor developed in this study is a promising portable and rapid platform for the detection of Salmonella spp. in food and clinical samples.
